We propose and demonstrate a compact tunable optical dispersion compensation (TODC) device with a 100 GHz free spectral range capable of mitigating chromatic dispersion impairments. The TODC is based on longitudinal movement of a waveguide grating router, resulting in chromatic dispersion compensation of AE1000 ps=nm. We employed our TODC device for compensating 42:8 Gbit= sec differential phase-shifting keying signal, transmitted over 50 km fiber with a −2 dB power penalty at 10 −9 . © 2011 Optical Society of America [11] [12] [13] . Common to these elements is the requirement of applying a quadratic phase function across the dispersed signal in an adjustable fashion. Here we present a compact TODC device based on an extremely simple free space arrangement of a WGR, Fourier lens, and flat reflecting mirror [14, 15] , with accompanying 42:8 Gb= sec transmission results. Whereas other TODC utilized spatially controlled quadratic phase elements at the Fourier plane [7] [8] [9] [10] [11] [12] [13] or a relatively simple movement with a complex optical setup [5] impacting TODC device complexity and cost, we use a very compact arrangement and simply modify the distance between the WGR and the Fourier lens. The longitudinal displacement is equivalent to applying a radial phase at the Fourier plane and results in a curved phase front added to the dispersed spectral components. In this way we can compensate for chromatic dispersion (CD) values up to AE1000 ps=nm. Since our WGR has a free spectral range of 100 GHz, the phase curvature is applied simultaneously to all WDM channels on the channel plan, resulting in colorless device operation. The simplicity of this system makes it effective as a TODC device for mitigating dispersion impairments, as it consumes no power once set and hence will not fail in power outages. The longitudinal displacement of the WGR from the front focal plane (distance f to lens) to an arbitrary distance d (between WGR and lens) results in a quadratic phase added to the beam at Fourier plane with curvature [16] :
Tunable optical dispersion compensation (TODC) devices are essential components in direct detection, high bit rate communication channels, as broad signal spectrum and narrow bit periods result in sensitivity to dispersion-induced intersymbol interference. Oftentimes, the TODC device needs to be colorless, having a free spectral range (FSR) matching the channel spacing, enabling multichannel compensation in wavelength division multiplexed (WDM) networks and reducing inventory. Colorless TODC devices can be based on ring resonators [1] , sampled chirped fiber Bragg gratings [2] , and MachZehnder interferometers [3] . A special category of TODC devices is based on the combination of a dispersion element and a spatially controlled phase. The channelmatched FSR dispersion element can be an etalon [4] , virtually imaged phased array [5] , or waveguide grating router (WGR) [6] , whereas the phase element may be a mirror with various selectable curvatures [7] , a deformable mirror [8] , a rotating cylindrical lens [9] , a polymer thermo-optic lens [10] , or a phase spatial light modulator (SLM) [11] [12] [13] . Common to these elements is the requirement of applying a quadratic phase function across the dispersed signal in an adjustable fashion.
Here we present a compact TODC device based on an extremely simple free space arrangement of a WGR, Fourier lens, and flat reflecting mirror [14, 15] , with accompanying 42:8 Gb= sec transmission results. Whereas other TODC utilized spatially controlled quadratic phase elements at the Fourier plane [7] [8] [9] [10] [11] [12] [13] or a relatively simple movement with a complex optical setup [5] impacting TODC device complexity and cost, we use a very compact arrangement and simply modify the distance between the WGR and the Fourier lens. The longitudinal displacement is equivalent to applying a radial phase at the Fourier plane and results in a curved phase front added to the dispersed spectral components. In this way we can compensate for chromatic dispersion (CD) values up to AE1000 ps=nm. Since our WGR has a free spectral range of 100 GHz, the phase curvature is applied simultaneously to all WDM channels on the channel plan, resulting in colorless device operation. The simplicity of this system makes it effective as a TODC device for mitigating dispersion impairments, as it consumes no power once set and hence will not fail in power outages. The longitudinal displacement of the WGR from the front focal plane (distance f to lens) to an arbitrary distance d (between WGR and lens) results in a quadratic phase added to the beam at Fourier plane with curvature [16] :
As was shown in previous works [11, 12, 15] , this curvature results in applied CD values according to The TODC device layout and concept is depicted in Fig. 1 . Light enters through an input/output waveguide to a planar lightwave circuit (PLC) containing an extremely high-resolution silica-on-silicon WGR with 0.8% index contrast waveguides that consists of 34 grating arms that are "pinched" in the middle for conserving wafer area, reducing the grating sensitivity to wafer refractive index and fabrication gradients, and enables the insertion of a half-wave plate to make the WGR polarization independent (not implemented in the present system). The angular dispersion dθ=dλ at the output facet of the PLC is converted to spatial dispersion with a f ¼ 50 mm Fourier lens, resulting in a spatial dispersion along the x axis. A f ¼ 3 mm cylindrical lens collimates the radiated light from the WGR in the guided (slab) direction to reduce the output numerical aperture. A circulator was used to separate the input and output light to the PLC. The insertion loss of the TODC device is −12:5 dB. This high loss value is partially due to phase errors in the fabricated WGR, as well as an unoptimized transition from the guided region to free space. Both issues can be corrected in a subsequent run. We anticipate system losses of ∼5 dB can be achieved, limited by WGR coupling inefficiency.
In order to determine the dispersion along the x axis (dx=dλ value), we placed a needle in the Fourier plane and moved it along the x axis, finding for each position the corresponding attenuated wavelength component. In this way we have found that dx=dλ ¼ 5:4 mm=nm. We repeated this measurement for both TE and TM polarizations and obtained similar results (5.4 and 5:3 mm=nm). Since the free space arrangement does not depend on polarization, the source of the slight polarization dependence is the WGR birefringence. The effect of birefringence is a polarization-dependent splitting of the spectral passband; however, both polarizations would incur the same dispersion setting.
As a first test of the TODC device, we changed the distance d between the WGR and the Fourier lens along 14 mm travel and measured the group delay (GD) and the transmissivity at several positions. The GD varied linearly within the TODC FSR, a testament of TODC action (Fig. 2) . As one can expect from such a system, the quadratic phase imposes not only CD but also an undesired spectral narrowing, due to the tilt applied to spectral components far from the channel grid. The measured CD values (calculated from the GD slopes), the theoretical CD values (using Eq. (2), with the experimental dx=dλ values), and the resulting −3 dB channel bandwidth measures are plotted in Fig. 3 against the relative displacement from the lens front focal plane Δz=f . The experimental and theoretical CD values match extremely well. As the phase curvature values at the Fourier plane increase, the narrowing effect becomes dominant, and the bandwidth is reduced down from 65 GHz at low CD correction values to 20 GHz for extreme TODC values of AE1000 ps=nm. In principle, there is an option of eliminating the bandwidth narrowing by using a four pass system [13, 17] ; however, such a system is more complicated and will suffer higher losses.
Polarization-dependent loss (PDL) and polarizationmode dispersion (PMD) were measured (Fig. 4) , to examine the effect of PLC birefringence. The results reveal that within the central 65 GHz, the PDL is lower than 0:3 dB and the PMD is less than 5 ps. These effects are caused solely by the birefringence of the PLC, since all the free space optics elements are polarization insensitive. Insertion of the optional half-wave plate at the pinched point of the WGR should eliminate this entirely.
The dispersion compensation capability of the TODC device was tested using a 42:8 Gb=s differential phaseshift keying 2 31 − 1 pseudorandom bit sequence at 1550:12 nm, with different lengths of standard singlemode fiber (dispersion coefficient of 17 ps=nm-km) placed between the transmitter and the receiver. Tuning the TODC device was trivial, as a single micrometer movement yielded immediate eye opening at the proper distance Δz, as shown in Fig. 5 . Without the dispersing fiber, the TODC showed zero penalty over the back-to back case, as can be seen in Fig. 6 . The penalty for compensation of 30-50 km fiber length was ∼2 dB optical signal-to-noise ratio (OSNR)at 10 −9 bit error ratio (BER). For the 60 km fiber length, the penalty increased. We attribute the greater penalty to passband narrowing at our chosen modulation format. This bandwidth narrowing changes the signal quality, as seen in the eye shape [ Fig. 5(c) ], resembling that of doubinary modulation [18, 19] .
In this work we have shown a very simple, compact apparatus for TODC. In fact, actual systems that will be based on this scheme could become even more compact by use of a Fourier lens with very short focal length. Since the beam size at the output of the PLC is approximately 0:5 mm, a few millimeter focal length lens could be substituted over our 50 mm lens, resulting in a compact TODC arrangement. The PLC travel range of such a system will also be reduced, resulting in a compact system with a relatively large dispersion tuning range. Another advantage of this kind of system is that in the case of failure the tuning condition remains fixed. Note that the TODC might require temperature stabilization for holding the WDM grid position, an issue that was not examined in this work. However, this stabilization is identical to all WGR-based devices (e.g., a demultiplexer), as the shift does not depend on the diffraction order of the WGR (i.e., no increased temperature sensitivity).
